The 22q11.2 deletion syndrome (22q11.2DS) is the second most common cause of developmental delay after Down syndrome. Impaired cognitive development is highly prevalent, but also motor abnormalities such as hypotonia and delays in achieving motor milestones are described.
| INTRODUCTION
Although clinically under-recognized, the 22q11.2 deletion syndrome (22q11DS), also known as velocardiofacial syndrome or Shprintzen syndrome, is the most common microdeletion syndrome with an estimated prevalence of one in 2,000-4,000 live births (McDonaldMcGinn et al., 2015; Swillen, Vogels, Devriendt, & Fryns, 2000) . It has a highly variable phenotype that can include congenital heart defects, velopharyngeal insufficiency or cleft palate, learning difficulties, immune deficiency due to thymus hypoplasia, hypoparathyroidism, and an increased risk of attention hyperactivity disorder in childhood and of psychiatric disorder in adulthood . It is also the second most common cause of developmental delay after Down syndrome, with not only cognitive impairment but also motor abnormalities. In 70% of infants, hypotonia is described Abbreviations: 22q11DS, 22q11.2 deletion syndrome; ABG, air-bone gap; ADHD, attention-deficit/hyperactivity disorder; BIAP, Bureau International d'Audiophonologie; BVH, bilateral vestibular hypofunction; CHL, conductive hearing loss; CT, computerized tomography; c-VEMP, cervical vestibular-evoked myogenic potential; DP, directional preponderance; LSCC, lateral semicircular canal; SNHL, sensorineural hearing loss; SOT, sensory organization test; VNG, videonystagmography. and studies also report instability, delays in achieving motor milestones, and poor balance and coordination (Swillen & McDonaldMcginn, 2015; Van Aken et al., 2007 . So far, the underlying processes causing motor deficiency in these children remain unclear.
Investigations in mice demonstrated that Tbx1, the gene believed to be responsible for the main features of 22q11DS, is expressed in the otic vesicle, and that in Tbx1 homozygous mutant mice (Tbx1 −/− ), the inner ear remains hypoplastic, showing an absent or underdeveloped vestibular apparatus (Jerome & Papaioannou, 2001; Vitelli et al., 2003) .
In correlation, various reports on computerized tomography (CT) findings in human patients demonstrated a high prevalence of disturbed morphology of the vestibule and lateral semicircular canal (LSCC) (Devriendt, Swillen, Schatteman, Lemmerling, & Dhooge, 2004; Hopsu, Markkola, & Pitkäranta, 2007; Loos et al., 2016) . Loos et al. described malformation and aberrant position of the middle ear ossicles, mainly a dense stapes superstructure, but more prevalent were inner ear anomalies, with a widened vestibule and broad LSCC (sometimes forming a single cavity) and incomplete partition type II of the cochlea with normal vestibular aqueduct (Loos et al., 2016) .
Hearing loss has been demonstrated to be a common feature of this syndrome, with a prevalence of 35-65% (Digilio et al., 1999; Dyce et al., 2002; Jiramongkolchai, Kumar, Chinnadurai, Wootten, & Goudy, 2016; Persson, Friman, Óskarsdóttir, & Jönsson, 2012; Reyes, LeBlanc, & Bassila, 1999; Ryan et al., 1997; Van Eynde et al., 2016; Verheij, Mink, & Stegeman, 2016; Weir et al., 2017; Zarchi et al., 2011) . Most often conductive hearing loss (CHL) is found, caused by frequent or chronic middle ear disease, associated with poor function of the Eustachian tube and the abnormal craniofacial and palatal anatomy, presumably in some cases enhanced by the presence of immune deficiency (Van Eynde et al., 2016) . However, various authors also describe a sensorineural component to the hearing loss, with prevalences ranging between 7 and 47% (Jiramongkolchai et al., 2016; Persson et al., 2012; Reyes et al., 1999; Van Eynde et al., 2016; Weir et al., 2017; Zarchi et al., 2011) . Two studies reported a more severe sensorineural hearing loss (SNHL) in the higher frequencies (Van Eynde et al., 2016; Zarchi et al., 2011) . To the best of our knowledge, the current study is the first report on the investigation of the vestibular function in 22Q11DS, despite frequent delay in motor development and the growing evidence of inner ear malformation and malfunction. Therefore, the aim of this diagnostic cross-sectional study was to describe the presence and character of vestibular dysfunction in 22q11DS and to provide an up-to-date overview of the recent literature.
2 | METHODS
| Editorial policies and ethical considerations
This study was approved by the local Ethical Committee of the KU Leuven-University of Leuven. All participants or their parents gave written informed consent on beforehand to participate in the study.
The study conforms to the recognized standards (Declaration of Helsinki).
Twenty-three participants with 22q11DS (confirmed with fluorescence in situ hybridization) with a minimum age of 12 years (inclusion criteria) who were identified using the database of the Centre of (Kirtane, 2013) .
Caloric testing was performed with short bithermal caloric irrigation (water temperature 44 C for 40 s, then 10 s rest, followed by second irrigation with water temperature 30 C for 50 s, again 10 s rest, and finally repeat irrigation with water temperature of 44 C for 10 s).
Patients lay in a supine position with their heads turned to the opposite ear during the measurement. Caloric-induced nystagmus was recorded for 2 min by means of the VNG system (NysStar I with infrared camera measuring the nystagmus) and processed using DiSoft software version 1.30.04. Asymmetry ratio and directional preponderance (DP) were calculated using the standard Jongkees formula and were considered abnormal when ≥25% and ≥30%, respectively (Jongkees, Maas, & Philipszoon, 1962) . Caloric responses were defined weak when amplitudes are <11 /s for hot stimulation and <6 /s for cold stimulation (Van Der Stappen, Wuyts, & Van De Heyning, 2000) .
Pendular testing on the rotation chair was performed on a GigaTorque chair (Difra, Eupen, Belgium) using the VNG system as described above. This involved a sinusoidal harmonic acceleration test with alternated left-right rotations during 2 min, with an acceleration of 0.04 Hz. DP was considered abnormal when greater than or equal to 30%, and the gain was considered normal when between 30 and 90%. Fixation suppression was measured after 75 s during 30 s and is protocolled normal when the amplitude of the nystagmus is reduced by two-third.
For c-VEMP, the participants were instructed to lift their heads with active straining of the sternocleidomastoid muscles on both sides to provide tonic background muscle activity during stimulation and recording (elevation method top achieve adequate muscle tension).
Air-conducted 500 Hz tone bursts at 90 dBnHL were delivered monaurally via intra-auricular insert-phones (Bio-Logic, Seyssinet-Pariset, In Table 1 
| RESULTS
None of the participants showed a spontaneous nystagmus evaluated by VNG. Of the 20 patients undergoing caloric irrigation, a unilateral hypofunction (caloric weakness >25%) of the LSCC was found in 11 participants (55%), of whom five had a left-sided and six had a right-sided hypofunction. In two of them, there was a significant DP (>30%) to the unaffected side during the pendular test, but the remaining rotation chair tests were normal. As for the hearing, 59% had normal hearing, 35% had a mild CHL, 4% had a mild SNHL, and 2% of patients had a mild mixed hearing loss.
There was no correlation between the vestibular results and the type of hearing loss. On otoscopy, the eardrum was normal in the majority of ears (24% of ears showings signs of myringosclerosis, retraction, or post-myringoplasty-eardrum), and all middle ears were aerated.
Interestingly, in two patients, both with a hypofunction of one LSCC and bilateral weak caloric responses, CT of the temporal bone had previously been performed. One patient showed bilateral single cavity of vestibulum and LSCC, and the another patient showed bilateral hypoplasia of the LSCC.
| DISCUSSION
The goal of this study was to be a first cross-sectional screening for the presence of vestibular dysfunction in patients with 22q11DS. We found a unilateral caloric hypofunction in 55% of patients, mostly without significant DP during pendular test, which is suggestive of a chronic asymmetry in function of the LSCCs. None of the patients in this study had experienced any sudden vertigo in the past; therefore, a high occurrence of acute neuritis of the vestibular nerve at a younger age is unlikely. Whether the asymmetry is congenital or rather (Kirtane, 2013; Lucieer et al., 2016 ). Yet reduced caloric responses do not always indicate a true vestibular loss, uncontrollable factors, such as anatomy of the temporal bone (small external ear canal, variation in pneumatization), could lead to reduced efficiency of temperature conduction and as a consequence to false-positive results (Kirtane, 2013; Lucieer et al., 2016 ; Van De Berg et al., 2015) . This creates large variations in caloric vestibular responses between individuals, which makes it difficult to normalize values. In BVH, a low gain during the rotation chair test is often reported (Lucieer et al., 2016; Van De Berg et al., 2015) . In our study, this test demonstrated a normal to high gain. Nonetheless, Lucieer et al. also showed that not all patients with BVH have a pathological head thrust test or reduced gain-values during the rotation chair tests. They explained this preservation of the vestibular response during the pendular test by two hypotheses:
(a) this test stimulates the vestibular system closer to the optimal frequency sensitivity of the semicircular canals than the caloric irrigation;
and (b) in contrast to the caloric test, the rotation chair test is most likely to get more input from the otolith system.
The impact of BVH is controversial and not always recognized, although patients with such reduced caloric function are known to complain of a variety of symptoms such as imbalance, oscillopsia, visually induced vertigo, concentration problems, and impaired spatial orientation (Lucieer et al., 2016) . The 22q11DS has already been reported as a genetic etiology for BVH (Lucieer et al., 2016; Van De Berg et al., 2015) . When BVH occurs already early in life, it is believed to impair the development of visual and somatosensory effectiveness in postural control due to its multimodal sensory dependence. Bilateral deficits in young children have shown to lead to a delayed development of walking and postural control, delayed oculomotor control and learning difficulties, as is often described in 22q11DS. Recognizing this potential impact emphasizes the need to make an accurate diagnosis (Van De Berg et al., 2015) . As an extra limitation to the before-mentioned remarks, the caloric test can miss selective mid-to high-frequency loss of the LSCC because it measures only the low frequency function. Furthermore, function can still be intact for the other semicircular canals as well as for the otolith receptors. ). This confirms that the saccule has an important role in the development of static balance. An important advantage of this test is that it can be performed in very young children, for example, as early as 6-months old. Screening of young patients with 22q11DS by VEMP could contribute to the decision to start early motor interventions, and in this case, there is a delay in motor development. We would advise using preferably bone-conduction stimuli, as this patient population has a high incidence of otitis media that can render the test inconclusive when stimulated only by air-conduction.
As for the results of the posturography, 68% of patients had an abnormal SOT, of whom 42% showed a typical vestibular pattern, whereas 10 and 16% of patients were more suggestive of a somatosensory or visual dependence, respectively. As posturography is a subjective test, the fear of most patients during the test must also be taken into account. Intact function of vestibular, proprioceptive, and cerebellar systems is necessary for good balance and postural stability.
Adequate postural control is crucial for adequate motor development.
Previous studies revealed a delay in motor development in young children with 22q11DS, and most deficient motor skills were seen in the child's ability to sustain balance and to coordinate movements (Van Aken et al., 2007) . Roizen et al. also presented a delay in achieving gross motor milestones in infants and toddlers, suggesting that children with 22q11DS may begin to lag behind their peers sometime after the first year of life (Roizen et al., 2007) . In a later study with school-aged children, the same authors demonstrated specific motor deficits in axial stability and in graphomotor skills (Roizen et al., 2010) . as mood-stabilizing anti-epileptic drugs, lithium, and anti-depressants (Boot et al., 2015) . So far, no other study has focused on possible underlying or contributing vestibulopathy in adult patients, and its potential implication in improving the care for these patients has yet to be proven.
Furthermore, recent research supports a biological basis for an association between deficient inner ear function, in particular vestibulopathy, and psychopathology such as hyperactivity and anxiety (Antoine et al., 2017) . Attention-deficit/hyperactivity disorder (ADHD) and anxiety-related disorders occur at rates 2-3 times higher in deaf compared to hearing children. Patients with 22q11DS present with frequent hearing loss and an unexplained increased risk of developing ADHD with a prevalence of 24-37% versus 6.4% in controls (Schneider et al., 2014 showed that inner ear dysfunction due to the tissue-specific loss of Tbx1 can cause motor hyperactivity, and that vestibular rather than auditory failure causes this hyperactivity. As such, they highlight a biological link between inner ear dysfunction and behavioral disorders (Antoine et al., 2017) .
The variable delay in posturo-motor development observed in patients with 22q11DS is certainly multifactorial. Our results indicate that vestibular deficits are frequent in 22q11DS and could well constitute one of the factors involved in the posturo-motor delay, besides difficult conditions during the first years of life (cardiac surgery, repeated hospital stays, feeding problems, etc.). Confounding factors at later age are the mild intellectual disability, learning difficulties, endocrine diseases, and psychiatric disorders. It seems interesting to evaluate the actual sensorial and motor deficits as well as the spared functions early in development in patients with 22q11DS. This allows for assessing the need for a specific physiotherapeutic support program for these children to exploit the remaining sensory information, to improve their psychomotor and overall development.
| CONCLUSION
In conclusion, the current findings suggest that vestibular dysfunction is frequent in patients with 22q11DS. This knowledge should be taken into account when assessing motor performance in these children.
The clinical complexity and multi-system nature of 22q11DS with its wide variability may present significant challenges to diagnosis and optimal management. Assessment may be hindered by learning difficulties, behavioral problems, and in later life, psychiatric problems.
Additional studies are needed in the future to determine whether vestibular dysfunction also implicates a therapeutic potential to improve the clinical care of this patient population.
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